Abstract. The present work was aimed at the influence of ethanol on the complex formation of hydroxypropyl-β-cyclodextrin (HP-β-CD) with oleanolic acid (OA) and ursolic acid (UA), two insoluble isomeric triterpenic acids. Phase solubility studies were carried out to evaluate the solubilizing power of HP-β-CD, in association with ethanol, toward OA and UA. A mathematical model was applied to explain and predict the solubility of OA and UA influenced by HP-β-CD and ethanol. The solid complexes were prepared by evaporating the filtrate of samples which was prepared in different complexing media. The solubility of OA is much higher than that of UA in all the tested aqueous solutions. The solubility of OA and UA can be increased over 900 and 200 times, respectively, by forming complex with HP-β-CD. Ethanol (0.5%, v/v) can help the formation of OA-HP-β-CD complex, but is harmful to the formation of UA-HP-β-CD complex. Increasing solubility in water can be achieved by adding ethanol into the complexing media, but the concentration of ethanol should be optimized. The ring E of the chemical compounds has a great influence on the complexing process.
INTRODUCTION

General
Oleanolic acid (OA) and ursolic acid (UA) are pentacyclic triterpenoid isomers (see Fig. 1 ). The difference between the two isomers is only the location of one methyl group on ring E, but they show a great difference in physicochemical properties. Both OA and UA have numerous pharmacological effects such as hepatoprotection and chemotherapy, but their clinical use is limited by their poor aqueous solubility (1) .
It has been estimated that approximately 40% of the new chemical entities failed development because of poor bioavailability which is often associated with aqueous insolubility (2) , so the solubilization of water-insoluble compounds is becoming more and more important in pharmaceutical preparations. Solubilization can be achieved by pH adjustment, particle size reduction, salt formation, solid dispersion, complexation, cosolvency, micellization, or a combination effect of any of the above (3) .
Cyclodextrins (CDs) are capable of forming inclusion complexes with many drugs. This can result in improved chemical stability, an increase in the apparent aqueous solubility, and higher bioavailability without changing their pharmacokinetic properties (4) (5) (6) (7) (8) . CDs have mainly been used as complexing agents in the pharmaceutical industry to increase aqueous solubility of poorly water-soluble drugs (9, 10) . However, the efficiency of complexation is often not very high, and therefore, relatively large amounts of CDs must be used to obtain the desired effect (11) . On the other hand, for a series of reasons (e.g., including relatively high cost, possible toxicity, problems of bulk formulation, etc.), pharmaceutical dosage forms should contain as small amounts of CDs as possible (12) . It is therefore important to develop methods which can be applied in order to enhance the efficiency of drug-CD complexation.
Cosolvency, the addition of water-miscible solvents to an aqueous system, is a powerful and popular method of increasing the equilibrium solubility of non-polar drugs in aqueous vehicles (13) . It is reported that addition of cosolvents into the complexation media can enhance the complexation efficacy and solubility in water (14) . Some researchers have established a mathematical equation to describe the combined effect of cosolvent and CD (15) . In this article, the influence of ethanol on the complexation of HP-β-CD with OA and UA was evaluated according to phase solubility method, the data were fitted to the established mathematical model, and the solid complexes were also prepared.
The Solubilization and Complexation of CD
CD can form inclusion complexes with many chemical compound molecules by taking up the molecule or some lipophilic moiety of the molecule into their central cavity in aqueous solutions. No covalent bonds are formed or broken during the complexing process, and drug molecules in the complex are equilibrium with free molecules rapidly in the aqueous solution (16) .
Higuchi and Connors (17) have classified complexes based on their effect on substrate solubility as indicated by phase solubility profiles. A-type phase solubility profiles are obtained when the solubility of the substrate (drug) increases with increasing ligand (CD) concentration. When the complex is first-order with respect to ligand and first-or higher order with respect to substrate, then A L -type phase solubility profiles are obtained. If the complex is first-order with respect to the substrate but second-or higher order with respect to the ligand, then A p -type phase solubility profiles are obtained. A N -type phase solubility profiles can be difficult to interpret. B-type phase solubility profiles indicate formation of complexes with limited solubility in the aqueous complexation medium. In general, the water-soluble CD derivatives form A-type phase solubility profiles, and the most common type of complex is formed by one CD molecule and one chemical compound molecule (A L -type). In the A L -type phase solubility profiles, the total apparent drug solubility increases with the increasing concentration of cyclodextrion, and the linear dependence of the solubility of drugs on CD is described in Eq. 1:
where [D t ] is the total apparent drug solubility, [D u ] is the intrinsic drug solubility, K 1:1 is the equilibrium constant for the binary complex, and [L t ] is the concentration of cyclodextrion. According to Eq. 1, the intrinsic solubility ([D u ]) should be equal to the intercept of the phase solubility profile (S int ), but there are numerous exemptions of this (Fig. 2) . A profile with a positive deviation at low CD concentrations will cause A þ L -type phase solubility profile, and a profile with a negative deviation at low CD concentrations will cause A À L -type phase solubility profile (18) .
The value of the stability constant (K 1:1 ) is used to compare the affinity of drugs for different CD or CD derivatives, and the stability constant (K 1:1 ) of the complex can be calculated from the slope of phase solubility profile and the intrinsic solubility ([D u ]) of the drug in the aqueous complexation media according to Eq. 2:
For poorly soluble drugs (aqueous solubility <0.1 mmol/L), the intrinsic solubility ([D u ]) is in general much larger than the intercept of the phase solubility profile (S int ), resulting in nonlinearity of otherwise linear (A L -type) phase solubility profile. This can lead to an erroneous K 1:1 value. A more accurate method for the determination of the solubilizing efficiency of CD is to determine their complexation efficiency (CE), i.e., the concentration ratio between CD in a complex and free CD. It is independent of both [D u ] and S int and more reliable. CE is calculated from the slope of the phase solubility profiles according Eq. 3:
There is no correlation between the slope of the phase solubility profile and the deviation of S int from [D u ]. It is not clear why the intercept of the phase solubility profile is below [D u ]; it could be due to the non-ideality of water as a solvent.
The Solubilization of Cosolvent
Cosolvent can raise the solubility of lipophilic compounds by destroying the hydrogen bond or reducing the polarity of aqueous solution (19) . The exponential dependence of the solubility of non-polar drugs on cosolvent concentration in a cosolvent-water mixture is described in log-linear form as Eq. 4:
where σ is the cosolvent solubilization power for the particular cosolvent-solute system and [C] is the volume fraction of the cosolvent in the aqueous mixture. 
where K b and K t are the formation constants for the binary and ternary complexes, respectively; ρ b and ρ t are the cosolvent destabilizing powers for the binary complex and ternary complexes, respectively, i.e., the effect of the cosolvent on K b and K t as described by Li et al. (20) .
MATERIALS AND METHODS
Materials
OA (QDGSXC-060218, purity >98%) and UA (XGSBS-060330, purity >98%) were obtained from Shanxi Huisheng Medicament Technology Corporation Limited. Hydroxypropyl-β-cyclodextrin (HP-β-CD, KLEPTOSE® HP, MS = 0.85) with an average molecular weight of 1,481 was kindly provided by Roquette Cyclodextrin Technologies Development Incorporation. High-performance liquid chromatography (HPLC) grade methanol was purchased from Shanghai Ludu Reagent Company. Ethanol (AR grade) was purchased from Sinopharm Chemical Reagent Co., Ltd. Acetic acid (AR grade) was purchased from Shanghai Lingfeng Chemical Reagent Co., Ltd. All water used was deionized water. HPLC system consisted of a pump (Shimadzu LC-10AT), a detector (SPD-10A), and a reverse-phase column (Dikma Kromasil, 100 A C 18 5 μm 250× 4.6 mm). The weight measurements were performed with an AY-220 electronic analytic weighting scale (Shimadzu, Japan). Constant Temperature Shaker (Hua Li Da HZ-9310K Refrigerator Shakers, Tai Cang Shi Ke Jiao Qi Cai Chang, China) was used in this experiment. 
Methods
The HPLC Assay Method of OA and UA
The concentration of OA and UA was determined by HPLC method with UV detection at 210 nm (21) . Dikma Kromasil (100 A C18 5 μm 250×4.6 mm) was used as the stationary phase. The column temperature was controlled at 30°C, the flow rate was 1.0 mL/min, and the sample injection volume was 20 μL.
Phase Solubility Studies
Phase solubility studies were carried out according to the method previously reported by Higuchi and Connors (17) 
Data Processing
When the concentration of CD ([L]) is 0, Eq. 5 can be rearranged to log D t ½ ¼ log D u ½ þ C ½ , and σ can be calculated according to the slope and intercept of the phase solubility profile. When the concentration of ethanol ([C]) is 0, Eq. 5 can be rearranged to
, and K b can be calculated according to the slope and intercept of the phase solubility profile. When the concentration of ethanol is very low ([C]=0.5%), the existence of ethanol does not influence the complexation process, and ρ b and ρ t can be supposed to be 0, so Eq. 5 can be rearranged to
C ½ , and K t can be calculated according to this equation. Then, ρ b and ρ t are calculated by a nonlinear regression process. Nonlinear regression results are obtained from DUD method using SAS software.
Preparation of Solid Samples
The isomers and HP-β-CD with 1:1 molar ratio were accurately weighed, then the mixtures were added into a series of complexing media containing ethanol (0%, 0.5%, 30%, 80%, v/v). The samples were stirred thoroughly for 6 h at 40°C. Filtration (0.45-μm membrane filter) was performed to remove undissolved drugs. The resulting solutions were evaporated under vacuum in a rotary evaporator until dryness. Then, the drug loading dosage and solubility of solid samples were detected. Drug loading dosage detection of solid complexes was carried out by extracting the drugs from 0.05 g solid complexes using 5 mL methanol, and then the concentration of the drugs were detected using the established HPLC method. Solubility detection of solid complexes was carried out by detecting the filtrate of complexes in water. 
RESULTS
The HPLC Assay Method of OA and UA Linear relationships between the peak areas and the concentrations of the two isomers were obtained: y=8797.3x − 1300.7 (R 2 =0.9999, OA) and y=7596.3x + 1724.1 (R 2 =0.9999, UA), where x is the concentration (μg/mL) and y is the peak area (mV s); R 2 is the assessment coefficient. The concentrations of OA and UA from 1 to 40 μg/mL could be calculated by the established HPLC assay method.
Phase Solubility Studies
The solubility of OA and UA in different solvent systems is listed in Table I . Some measured values are missing because of the low apparent solubility ([D t ] <1 μg/mL). According to Table I , the solubility of OA is much higher than the solubility of UA in the same medium. The solubility of OA and UA in ethanol solutions with or without HP-β-CD is shown in Fig. 3a The phase solubility profiles of OA and UA in HP-β-CD solutions with increasing concentration of ethanol are shown in Fig. 4a, b, respectively. All the phase solubility profiles can be considered to be A L -type (some UA phase solubility profiles only have two to three points). At a certain concentration of ethanol, the solubility of the isomers linear increases with the increasing concentration of HP-β-CD, and some of the phase solubility profiles show negative intercept deviation. CE of the two isomers calculated according to Fig. 4a , b is listed in Table II . The CE of both isomers is higher in 0.5% ethanol than in water. After that, the CE decreases and then increases with the increasing concentration of ethanol. The CE change trend of UA is similar to that of OA, but OA and UA show quiet different CE in the same condition; the CE of OA is much higher than that of UA in the same complexing media.
Data Processing of Phase Solubility Studies
All the measured values were processed by SAS software. The parameters of the model are listed in Table III , and the fitting 3D graphs of combined effects of ethanol and HP-β-CD on solubilization of the isomers are shown in Fig. 5a , b, respectively. The assessment coefficients (R 2 ) of OA and UA are 0.8670 and 0.7659, respectively. The change trend of the fitting 3D graphs is similar to that of Fig. 3a, b . According to the mathematical model, the increase of the solubility at low ethanol concentration is caused by the forming of drug-CD-cosolvent ternary complex, and the following decrease is due to the dissociation of drug-CD binary complex; the solubility of drugs increases as log-linear model because of the solubilization effect of cosolvent. According to Table III , σ of OA is lower than that of UA, which means that the interaction between UA and ethanol is stronger than the interaction between OA and ethanol. The higher ρ b and ρ t values of UA than OA represent that ethanol affects more the UA and HP-β-CD complexing process than the OA and HP-β-CD complexing process. The solubility of OA is much higher than the solubility of UA in the same aqueous solution, but K b and K t of OA are lower than K b and K t of UA. That is because the intrinsic complexation constants (K b and K t ) are inversely proportional to the initial solubility, and the calculated initial solubility of OA is much higher than that of UA. We can find an increasing solubilization effect of HP-β-CD at a low concentration of ethanol in this model, which indicates that the solubilization effect can be increased by adding a little cosolvent into aqueous solution.
Preparation of Solid Samples
Fine powder was collected by evaporating the filtrate of samples, which is prepared in different complexing media, under vacuum in a rotary evaporator. The drug loading dosage and solubility of complexes prepared in different complexing media are listed in Table IV . The lowest drug loading dosage and solubility are obtained in the complexing media containing 30% (v/v) ethanol. A remarkable increase in the drug loading dosage of complexes is obtained in the complexing media containing 80% (v/v) ethanol, but the aqueous solubility decreases significantly at the same time. Adding 0.5% (v/v) ethanol into the complexing media increases both the drug loading dosage and aqueous solubility of OA-HP-β-CD complex; the solubility of OA can be increased more than 900 times. However, the addition of ]=1 μg/mL at pH11.9) with large aromatic planar regions or physicochemical characteristics that promote self-association in aqueous solutions (24) . Self-association of the drug molecules and the drug-CD complexes, as well as non-inclusion complexation, can also lead to A À L -type phase solubility profiles (25) . CE is calculated from the slope of the phase solubility profiles; it is independent of both S 0 and S int and more reliable when the influences of different pharmaceutical excipients on the solubilization are being investigated, so the CE was used to evaluate the solubilizing efficiency of CD instead of stability constant.
OA showed a slight increase of solubility at a low ethanol concentration (0.5%, v/v) in the phase solubility study, but UA showed a little decrease. The fitting 3D graph of OA is consistent with the phase solubility profiles, but the fitting 3D graph of UA is different from the phase solubility profiles at 0.5% ethanol (v/v). The different change trend of solubility of OA and UA at 0.5% ethanol (v/v) may be caused by the different binding affinity of ethanol to the isomers. According to Fig. 3, b , when the concentration of ethanol increased from 0.5% to 20% (v/v), the concentration of both isomers is approximating a log-linear decrease (R 2 >0.9). The decreased solubility of both isomers may be caused by the dissociation of the drug-CD binary complex or the competitive binding of ethanol to HP-β-CD molecules (26, 27) . And the log-linear increased solubility of the two isomers (R 2 >0.9) after that is caused by the solubilization effect of ethanol (19) .
The decreased drug loading dosage and solubility of solid complexes prepared in 30% ethanol (v/v) is obtained by the competitive binding of ethanol to HP-β-CD molecules. The increased drug loading dosage of complexes prepared in 80% ethanol (v/v) is obtained by increasing the free drug moleculars in the samples, but the interaction between the isomers and HP-β-CD is weakened as the medium becomes more apolar, so the solubility of the isomers decreases. The samples of OA-HP-β-CD complex prepared in 0.5% ethanol (v/v) increase both the drug loading dosage (from 1.35% to 1.37%) and aqueous solubility (from 754.02 to 920.65 μg/mL), but the samples of UA-HP-β-CD complex prepared in 0.5% ethanol (v/v) are quite different. The drug loading dosage of UA-HP-β-CD complex, prepared in 0.5% ethanol, decreases from 0.41% to 0.18%, and the aqueous solubility decreases from 220.88 to 200.68 μg/mL. The different phenomena indicate that 0.5% ethanol (v/v) existing in the complexing media can help the formation of OA-HP-β-CD complex, but is harmful to the formation of UA-HP-β-CD complex. The increasing of drug loading dosage and solubility of solid complex samples prepared in 0.5% ethanol may be attributed to the forming of drug-CD-cosolvent ternary complex (15) and increasing aqueous solubility of OA in the complexing media, (19) which may be helpful to the formation of complex. The interaction between UA and ethanol is stronger than the interaction between OA and ethanol, so the existence of ethanol, even 0.5% in the complexing media, will lead to the dissociation of UA-HP-β-CD binary complex rather than formation of drug-CD-cosolvent ternary complex.
CONCLUSION
The CE of the two isomers can be increased by adding a little ethanol into complexing medium, but the addition amount should be optimized. The mathematical model can find application in describing and explaining the process of complexing or predicting the solubilization of OA and UA. The solubility of OA and UA can be increased over 900 and 200 times, respectively, by forming complex with HP-β-CD. Adding 0.5% (v/v) ethanol into complexing media can help the formation of OA-HP-β-CD complex, but is harmful to the formation of UA-HP-β-CD complex. Although the difference between the two compounds is only the location of one methyl group, quite different phenomena have been shown in this study, which indicates that the complex process is affected greatly by the structure of the ring E.
